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Antireflection-coated blue GaN laser diodes 
in an external cavity and Doppler-free indium 
absorption spectroscopy 

Lars Hildebrandt, Richard Knispel, Sandra Stry, Joachim R. Sacher, and Frank Schael 

Commercially available GaN-based laser diodes were antireflection coated in pur laboratory and operated 
in an external cavity in a Littrow configuration. A total tuning range of typically 4 nm and an optical 
output power of up to 30 raW were observed after optimization of the external cavity. The linewidth was 
measured with a heterodyne technique, and 0.8 MHz at a sweep time of 50 ms was obtained. The 
mode-hop- free tuning range was more than 50 GHz. We demonstrated the performance of the laser by 
detecting the saturated absorption spectrum of atomic indium at 410 nm, allowing observation of 
well -resolved Lamb dips. © 2003 Optical Society of America 
OCIS codes: 140.2020, 140.3600, 300.1030, 300.6260. 



1. Introduction 

Since their advent in 1962, 1 - 3 semiconductor lasers 
have found applications in many optical systems, in- 
cluding bar-code scanners, laser printers, telecommu- 
nication systems, compact-disc players, and optical 
sensors. However, for high-precision atom absorp- 
tion spectroscopy or gas analysis, wavelength tuning 
and spectral characteristics of commercially avail- 
able standard laser diodes (LDs) are often far from 
ideal. 4 Common strategies to overcome the limited 
applicability of standard LDs for spectroscopic exper- 
iments include implementation of grating or Bragg 
reflection structures in LD chips (distributed- 
feedback and distributed-Bragg-reflection LDs). 
Operation of standard LDs in an external cavity pro- 
vides an alternative approach. 

Recent improvements in room-temperature diode 
laser technology for data-storage applications have 
also given rise to increased availability of GaN-based 
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semiconductor lasers in the blue spectral region (ap- 
proximately 395-425 nm), which exhibit emission 
wavelengths, beam profiles, and duty lifetimes 
(> 10,000 h) that are attractive for spectroscopic ex- 
periments. 66 To the best of our knowledge, 
distributed-feedback structures for GaN LDs are not 
currently available. 

Since the appearance of the first external cavity 
arrangements in 1964, 7 a number of external cavity 
diode laser (ECDL) arrangements have been intro- 
duced. Among the most simple arrangements is a 
design similar to the one described by Ricci etal* In 
this design, the radiation emitted from an 
antireflection- (AR-) coated front facet of a LD is col- 
limated and hits a holographic grating under Littrow 
angle (Littrow ECDL). The light diffracted in the 
first order is reflected back into the LD, whereas the 
light diffracted in the zeroth order is coupled out and 
can be used for the experiments. The wavelength 
change is achieved by means of tilting the grating. 
However, tilting the grating results in alteration of 
the beam output direction. A beam-correction mir- 
ror can be applied, but tilting the grating still leads to 
a parallel shift of the output beam. 9 A second con- 
cept is an external cavity in a grazing-incidence con- 
figuration similar to the design from Littman et al. 
(Littman ECDL). 10 Again, the output beam of the 
LD is directed onto a grating. The first diffraction 
order of the grating rectangularly hits a reflecting 
element (mirror or prism) and is reflected back onto 
the grating. The laser resonator is set up between 
the back facet of the LD and the reflecting element. 
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Fig. 1. ECDL in Littrow configuration without (left), with (mid- 
dle) beam-correction mirror, and in Littman configuration (right). 



Wavelength tuning is achieved by means of tilting 
the reflection element. Figure 1 schematically 
shows the basic design of the Littrow and Littman 
ECDL. Both ECDL types contain a mechanically 
moving part (grating or mirror/prism, respectively) 
for wavelength tuning. More recently, ECDL con- 
cepts without moving parts were described that, for 
example, employ a liquid-crystal array 11 or an elec- 
trooptical modulator. 1213 Since our first successful 
AR coating of the GaN-based LD, both Littrow and 
Littman configurations were proved to work with 
these diodes. 14 - 15 The objective of the current study 
is to characterize the performance of our Littrow cav- 
ity with an implemented AR-coated GaN LD. 
Doppler-free absorption measurements of indium va- 
por were performed to show the performance of the 
laser system at this wavelength. Indium is of par- 
ticular interest for applications in atom lithography 
and might also be an interesting new candidate for 
atom trapping and cooling experiments. For such 
experiments, laser light from a stable and easy-to-use 
turnkey laser system with a small linewidth, high 
output power, and a good side-mode suppression is 
required. 



2. Antiref lection Coating of Blue GaN Laser Diodes 

Applying high-quality AR coatings to laser diodes is 
an important processing step before diode lasers are 
implemented into an external cavity. The quality of 
the AR coating and the interaction of the LD with the 
optical feedback critically influences the physical 
properties of the ECDL. To achieve the lowest re- 
flectivity data, we have used the coating method with 
in situ monitoring of the diode laser. 16 As result of 
the coating, we achieved a significant change in the 
threshold current of the diode laser, as seen in Fig. 7, 
below. We performed an analysis of the optical spec- 
tra shown in Fig. 2 for detennining the reflectivity of 
the laser facet. 17 The arrow in Fig. 2 indicates the 
minimum of the reflectivity. As result of the analy- 
sis we find the reflectivity value to be below 1 x 10 ~ 5 . 

Our goal in this section is to discuss the influence of 
the performance of AR coating on the physical prop- 
erties of diode lasers. AR coatings have three differ- 
ent effects on LDs. 



A. Emission Direction Effect 

AR coating of a diode laser facet changes the sym- 
metric laser emission into a directed emission with 
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Pig. 2. Optical spectra for describing the performance of the blue 
GaN diode laser after AR coating. Top, gain width of the GaN * 
diode laser. This curve allows us to give an estimation of the total 
tuning range. Bottom, optical spectrum measured with a higher 
resolution in order to determine the reflectivity of the AR-coated 
laser facet. The arrow indicates the minimum of the reflectivity. 



the main emission power from this laser facet. Fig- 
ure 3 gives an introduction to the formal description 
of a simplified laser cavity. I 1 is the intensity of the 
laser light emitted from the facet x = 0 with the facet 
reflectivity R 1 . I 2 is the laser light emitted from the 
facet x = L with the facet reflectivity R 2 - I3 is the 
laser light within the laser cavity that gets amplified 
during the transition through the laser chip from x — 
L to x = 0. J 4 is the laser light within the laser cavity 



R } = R (x = 0) R 2 = R (x = L) 

Fig. 3. Schematic drawing of a diode laser cavity. 



20 April 2003 / Vol. 42, No. 12 / APPLIED OPTICS 2111 



XP 2444204A_I_> 



that gets amplified during the transition through the 
laser chip from x = 0 to x = L. As one can see from 
Fig. 3, the ratio of Ii/I 2 results in 



J 2 I-R^rJ * 



(1) 



Equation (1) describes the beam direction effect of AR 
coatings of diode lasers. One can clearly see the 
strong effect that a small change in the facet reflec- 
tivity has on the emission ratio Ii/I 2 between optical 
power emitted from the front and the rear facets of 
the laser. 

B. Effect on the Power-Injection Curve 

One of the most obvious effects of AR coatings on LDs 
is the effect on the threshold current and on the quan- 
tum efficiency of the LD as seen in Fig. 7 below. For 
an understanding of this effect one needs to start 
with the rate equation description of semiconductor 
LDs as they are given in Ref. 18. 



dN N dg 



(2) 



dS dg S N 

-77 = r conf ^(N- n^s -- + pr conf - . (3) 

dt dN t s T n 

J is the normalized pump current, which is deter- 
mined by the injection current and the active volume 
of the laser; t n is the carrier lifetime; dg/dN is the 
differential gain; and N th is the carrier density at 
threshold. r TOnf is the confinement factor, which ac- 
counts for the fact that only a part of the optical mode 
is in the active volume. t s is the photon lifetime, and 
3 is the fraction of the spontaneous emission that is 
coupled into the lasing mode: 

The photon decay rate l/r s is separated into two 
terms, one describing the usual losses; the second, 
describing the additional losses that are due to the 
AR coating. In particular, we set 



= ^{a int - lnti^d - r 2 )]/2L}, 



(4) 



with the group velocity v g , the internal losses a int , the 
original reflectivities R x and R 2 of the LD facets, and 
the diode length L. The term 1 — r 2 describes the 
decrease of the facet reflectivity caused by the AR 
coating. This equation can be written as 



- = r + K, 

T 5 



(5) 



where T is the modified photon decay rate without 
coating and k = v g [—hi(l — r 2 )/2L] is the variation of 
the photon decay rate that is due to the coating. 
With this Ansatz, we obtain a simple expression for 
the threshold current density as a function of the 
coating-induced losses k: 



_N xh K 
^ - — + ITT^' 



£ 1, 




(6) 



Reflectivity (LOG) 

Fig. 4. Normalized threshold current as a function of the facet 
reflectivity in a semilogarithmic plot. Some of the measured 
threshold shifts for the AR-coated GaN laser diodes are shown as 
crosses in the graph. 



where t„ is the carrier lifetime and G N is the differ- 
ential gain. The threshold current linearly in- 
creases with k. Inserting the expression for k, one 
obtains the dependence of the threshold current den- 
sity as a function of the reflectivity. As schemat- 
ically shown in Fig. 4, the threshold current density 
(normalized to its original value) exhibits an expo- 
nential dependence on the reflectivity. 

C. Tuning Enhancement Effect, Part 1 

AR coatings strongly enhance the total tuning range 
of LDs. The origin of this positive effect can be ex- 
plained in terms of the band structure E(k) of the 
semiconductor material. As described by the equi- 
librium solution of Eq. (2), increasing the injection 
current of a LD causes an increase of the number of 
injected electrons and holes into the active area of the 
LD. Below threshold, this causes an increase of the 
carrier density N within the active region. Above 
threshold, the carrier density N remains constant, 
and the increase of the injection current only causes 
an increase of the optical power, which is propor- 
tional to an increase of the injection current. This 
effect is known as gain saturation. 

One of the most obvious effects of AR coatings on 
LDs is the shift of the threshold current to higher 
current values as described above. This results in a 
larger carrier density N at the threshold for AR- 
coated LDs compared with un coated LDs. LDs are 
nonequilibrium semiconductor devices. Formally, 
this is described by a splitting of the Fermi level into 
quasi-Fermi levels that describe the distribution of 
electrons and holes individually. 19 Figure 5 shows 
the well-known band structure of a direct semicon- 
ductor in this case. Higher values of the carrier den- 
sity cause an increase of the energy splitting of the 
quasi-Fermi levels AE, which results in a violet shift 
of the spontaneous-emission spectrum of a LD with 
increasing injection current. 

The tunability of AR-coated LDs with an external 
cavity in Littrow and in Littman configurations ben- 
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Fig. 5. Band structure of a direct semiconductor in a nonequilib- 
rium case. The Fermi level splits up into a quasi-Fermi level for 
electrons (QF e ) and a quasi-Fermi level for holes (QF/,). The spec- 
tral maximum of the luminescence of the semiconductor material 
is denned by the energy difference AE between QF C and QF h . A 
higher value of the carrier density causes a higher value of the 
energy splitting A£T, and the luminescence shows a violet shift. 



efits from the described violet shift of the spontane- 
ous emission. In particular, the tuning range is 
enlarged at the low-wavelength side of the total tun- 
ing range in comparison with a non-AR-coated diode 
laser in external cavity. The tuning enhancement 
effect can be clearly seen by comparison of the total 
tuning range of 6.3 nm for AR-coated blue diode la- 
sers 15 with non-AR-coated blue diode lasers. 20 

D. Tuning Enhancement Effect, Part 2 

AR coating strongly enhances the mode-hop-free tun- 
ing range of LDs in an external cavity. This effect 
can be explained within an analysis that has been 
performed for discussing the coherence collapse of 
diode lasers. Laser diodes with an external cavity 
show a sudden rise in the line width from a few hun- 
dred kilohertz up to several gigahertz depending on 
the feedback conditions. 18 The dependence of the 
line width of such a laser system has been explained 
as a function of the feedback phase of the distant 
reflector, 21 e.g., a grating. In particular, the region 
of line narrowing is closely located around the inter- 
nal cavity mode of the diode laser. Outside this area 
the system may operate unstably and shows irregu- 
lar modehops or multimode behavior. 22 - 23 This is 
one reason for the limited tuning range that has been 
found for ECDL systems with non-AR-coated diode 
lasers. 8 ' 20 - 24 With AR coatings, mode-hop-free tun- 
ing ranges of more than 80 nm can be reached for 
1550-nm ECDL systems. 25 

The Littman configuration worked only with AR- 
coated diodes, whereas we also get a non-AR-coated 
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Fig. 6. Threshold current versus output wavelength (top) and 
optical output power versus wavelength (bottom), respectively, of 
two exemplary GaN LDs in Littrow configuration. 



blue LD to work in a Littrow cavity with high feed- 
back from a grating, resulting in lower power. How- 
ever, the system was very hard to align, was 
unstable, and proved difficult to use, even for a 
trained operator. In our opinion, such a laser still 
needs further development in order to fulfill the re- 
quirements for high-precision experiments. Section 
3 shows the excellent performance of the AR-coated 
blue diodes achieved with our Littrow cavity. 

3. Characterization of the Littrow External Cavity 
Diode Laser 

Two AR-coated LDs (#1 and #2) emitting at approx- 
imately 410 nm were exemplarily implemented in a 
Littrow cavity. 9 The upper part of Fig. 6 shows the 
threshold current versus wavelength of the two EC- 
DLs. The threshold current follows the characteris- 
tic gain profile of the LD. The total tuning range of 
the LD in the external cavity at room temperature is 
shown in the lower part of Fig. 6. For LD#1 a total 
tuning range of 3.9 nm from 406.8 to 410.7 nm was 
observed at 21 °C. LD#2 was also tuned by 3.9 nm 
from 409.9 to 413.8 nm at 21 °C. In general, the 
wavelength of LD emission can be tuned by temper- 
ature. 4 LD#2 in the cavity can be tuned by means of 
tilting the grating down to 409.7 nm at a temperature 
of 17 °C and up to 414.0 nm at 25 °C. These wave- 
length limits are also indicated in Fig. 6. The wave- 
length shift (achieved with tilting the grating) 
resulting from LD temperature is approximately 
±0.05 nm/K The maximum optical output power 
was 14.4 mW for LD#1 and 17.2 mW for LD#2, both 
at 60-mA operation current. For obtaining such 
high output power, a grating with an efficiency below 
20% with 3600 lines mm -1 was employed according 
to Eq. (1). The total tuning range could be increased 
up to 6.3 nm by use of a higher efficiency grating, 15 
accompanied by a decrease of the output power re- 
sulting from the described tuning enhancement effect 
of the AR coatings. 

At the gain maximum the dependence of the output 
power on the diode current was detected for LD#2. 
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Before coating and without external cavity, the 
threshold current for LD#2 was at 31 mA and the 
slope efficiency after threshold was 0.83 W/A with a 
maximum available output power of 5 mA. These 
values are in agreement with specifications given by 
the Nichia Corporation. 6 After AR coating and 
without external cavity, the threshold current was 47 
mA and an output power of 22.4 mW at 64 mA oper- 
ation current was measured (slope efficiency after 
threshold of 0.92 W/A). However, without the res- 
onator, multimode emission was observed. For 
LD#2 in the Littrow cavity, the threshold was 43 mA 
and the slope efficiency after threshold was 0.88 W/A 
with an output power of 19.8 mW at 64-mA operation 
current. To describe a LD with an external cavity, 
Eq. (3) needs to include one additional term for de- 
scribing the feedback from the distant reflector. 
This additional term on the right-hand side of Eq. (3) 
reads as 
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Fig. 7. Different PI curves of LD#2: first, without AR-coating 
and without external cavity; second, with AR-coating but still with- 
out resonator; and third, with AR coating and in Littrow resonator. 



+ K f S(t - t), 



(7) 



which describes the light coupled back from the ex- 
ternal cavity, describes the feedback rate from 
the distant reflector. The feedback rate K r can be 
written in terms of the mirror reflectivity of the laser 
facet and of the distant reflector. S(t - t) describes 
the photon density that is fed back into the laser chip. 
The delay term (t — t) acknowledges the time delay of 
the laser light resulting from the roundtrip time t of 
the external cavity. The steady-state solution of 
Eqs. (2) and (3) reads for these conditions as 



N = N< 



th 



2k f 



J — yN 
T-2k/ 



(8) 



(9) 



Equation (8) describes the feedback effect on the car- 
rier density AT of the diode laser. One clearly can 
read the threshold-lowering effect on external feed- 
back from this description, which is in excellent 
agreement with the experimental results shown in 
Fig. 7. 

Equation (9) describes the feedback effect on pho- 
ton density S within the laser chip. To get an ex- 
pression for the output power in milliwatts, one needs 
to take into account the output probability of the laser 
facet including the output directioning according to 
Eq. (1). In Fig. 7, the PI curve of the AR-coated LD 
without external cavity and the PI curve of the same 
AR-coated LD with external cavity feedback show a 
crossover at —57 mA. 

These effects can be understood according to Eq. 
(1). Increasing the reflectivity of laser facet R 1 in- 
duces a reduction of the power I ± emitted from this 
laser facet. The power 7 2 from the opposite laser 
facet with the unchanged facet reflectivity R 2 in- 
creases. Because of the additional reflectivity of the 
grating of the external cavity, the effective reflectivity 
of the external cavity side of the laser chip is in- 



creased, and therefore the fraction ii/J 2 of the light 
that is emitted from the external cavity side of the 
diode laser is reduced. As a result, we find the cross- 
over as seen in Fig. 7. 

This directioning effect of ECDL has an important 
practical relevance. For a large parameter range of 
ECDL, we can conclude the following: The lower the 
grating reflectivity that is chosen, the higher the out- 
put power of the ECDL coupled out by way of the 
cavity grating. 

The (maximum) total output power of LD#1 in our 
Littrow cavity was 15.5 mW. Since LD#1 without 
AR coating already had a lower slope efficiency than 
LD#2 as specified by the Nichia Corporation, 6 we 
expected a lower output power even in ECDL opera- 
tion after AR coating. The ECDL shows excellent 
side-mode suppression as seen in Fig. 8. We have 
indicated the first side mode, which we have used for 
determining the side-mode suppression rate of 35 dB. 
Because of the AR coating, the side-mode suppression 
remains unchanged during wavelength scans. For 
another LD emitting at 405 nm in an external Lit- 
trow cavity, more than 30 mW in a single mode was 
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Fig. 8. Side-mode suppression of the ECDL at 410 nm. 
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Fig. 9. Typical beat signal between two identical ECDLs at 410 
nm (sweep time, 20 s). 
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Fig. 10. Typical beat signal between two identical ECDLs at 410 
nm (sweep time, 50 ms). 



observed. However, to ensure long lifetime we did 
not exceed 60-mA diode current. The output beam 
profile of the ECDL was —1:3 elliptical with minor 
fringes at the sides of the beam, resulting from the 
diffraction at the collimator lens. 

The line width of the ECDL was determined in a 
heterodyne experiment between two identical laser 
systems with superposed beams running at nearly 
the same wavelength. The beat signal was obtained 
with a fast photodiode. The indium absorption tran- 
sitions described in Section 4 were used as a wave- 
length reference. The resulting beat signal was 
displayed and analyzed on a radio-frequency spec- 
trum analyzer. The difference frequency was cho- 
sen to be in the range of between 100 and 600 MHz. 

The linewidth of an ECDL is mainly determined by 
three factors. The first factor originates from acous- 
tic disturbances and vibrations of the cavity. A typ- 
ical frequency scale for these contributions to the 
linewidth is of the order of 1 kHz. To characterize 
this part of the linewidth, the first beat signal mea- 
surement was performed with a sweep time of 20 s. 
This long-term linewidth is 7 MHz for each ECDL as 
pictured in Fig. 9. The second factor is correlated to 
the shot noise of the injection current, which contrib- 
utes to the linewidth at a frequency scale of approx- 
imately 1-10 MHz. The sweep time was 50 ms in 
this case, which results in a short-term linewidth of 
0.8 MHz for each ECDL as depicted in Fig. 10. The 
third contribution is caused by relaxation oscillations 
that originate from the spontaneous-emission 
noise. 26 ' 27 A typical frequency scale is of the order of 
1 GHz, which was not investigated in the present 
study. These results are consistent with previous 
results obtained for our near-infrared ECDL sys- 
tems. 9 The better performance observed with our 
ECDL systems compared with previously described 
ECDL 20 can be attributed to the good noise perfor- 
mance of our driver electronics. We have analyzed 
the tuning behavior of our ECDL system with a 
Fabry-Perot interferometer. Figure 11 shows a typ- 
ical Fabry-Perot spectrum with a free spectral range 
of 8 GHz. We have found a mode-hop-free tuning 



range of more than 50 GHz with our blue Littrow 
laser systems while benefiting from the current com- 
pensation technique. The current compensation 
technique involves an injection-current modulation 
simultaneous with the modulation of the piezovoltage 
for tuning the diffraction grating of the Littrow cav- 
ity. 48 ' 920 The linewidth and tuning behavior of the 
ECDL is sufficient for spectroscopic experiments with 
sub-Doppler resolution described in Section 4. 

4. Doppler-Free Absorption Spectroscopy of Atomic 
Indium 

Atomic indium has a 5 2 P 1/2 ground and a 5 2 P 3/2 and 
6 2 *S 1/2 excited state. Transitions between the 5 2 P 1/2 
and G 2 S 1/2 states are associated with absorption or 
emission of light with wavelengths around 410 nm, 
respectively. Transitions originating from the 
6 2 S x/ n excited state may also result in population of 
the 5 P3/2 state accompanied by emission at 451 nm. 
The important isotopes are 5 In (95.7% natural 
abundance) and 113 In (4.3% natural abundance). 
They are characterized by a hyperfine splitting of 
11.4 GHz in the ground state and 8.4 GHz in the 
6 2 S 1/2 excited state. All excitation features are thus 
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Fig. 11. Fabry-Perot spectrum of a blue GaN Littrow laser. The 
free spectral range of the scanning Fabry-Perot interferometer is 
8 GHz as indicated by the arrow. 
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Fig. 12. Absorption features of indium vapor near 410 nm. 



asymmetric doublets. Because the isotopic shift of 
258.2 MHz is much smaller than the Doppler broad- 
ening (—2.5 GHz), individual 113 In and " 5 In absorp- 
tion features were not resolved with our setup. 
However, Leinen et aL have obtained detailed mea- 
surements of an indium atom beam. 20 

In our experimental setup a beam splitter divided 
the laser beam in a strong pump and a weak probe 
beam passing approximately collinearly with oppo- 
site propagation directions through an indium cell. 
The cell was evacuated and heated to —1300 °C to 
increase indium vapor pressure. The optical laser 
frequency was tuned by — 35 GHz without 
modehops — employing the current compensation 
technique previously described — over the absorption 
features of the indium vapor. The current compen- 
sation method is a procedure to increase the mode- 
hop-free tuning range but also results in a decrease of 
the output power. However, the measured spectra 
were corrected for these power variations. While 
the laser wavelength is tuned over a Doppler- 
broadened atomic absorption feature, all transitions 
of atoms belonging to velocity classes with velocity 
components in the laser propagation direction are 
excited and contribute to the linewidth of the ob- 
served absorption feature. With the pump beam 
blocked, the four Doppler-broadened absorption fea- 
tures were easily resolved (Fig. 12). All four hyper- 
fihe components for transitions from F = 4, 5 to F' = 
4, 5 are resolved within one mode-hop-free scan. F 
is the hyperfine nuclear spin quantum number of the 
5 2 P 1/2 ground state, and F' that of the 6 2 *S 1/2 exited 
state. The hyperfine splitting of the absorption fea- 
tures observed were in good agreement with the hy- 
perfine splitting of the fluorescence lines of the 
indium atom beam measured by Leinen et a/. 20 

Pump and probe beams are counterpropagating, 
and the only velocity class of atoms that is able to 
absorb the pump and the probe beam at the same 
time has a zero velocity component in the propaga- 
tion direction of the laser beams. These transitions 
are saturated by the pump beam and should appear 
in the spectrum recorded with the probe beam as 
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Fig. 13. Absorption feature of the F = 5 — ► F' = 4 transition of 
indium vapor with the Lamb dip as observed with the saturated 
absorption experiment. 



Lamb dips 28 in the profile of the Doppler-broadened 
absorption feature. The F = 5 — * F' =4 transition 
absorption peak with a Lamb dip is shown in Fig. 13. 
The Doppler-broadened linewidth (FWHM) was mea- 
sured as 2.5 GHz, whereas the linewidth of the Lamb 
dip was —200 MHz. This measured linewidth of the 
Lamb dip is not determined by the natural linewidth 
of the transition, which is of the order of 25 MHz. 20 
We can exclude a contribution from the linewidth of 
the laser source to the measured linewidth of the 
Lamb dip, since the linewidth of the ECDL is of the 
order of 1 MHz. On reason for the enlargement of 
the measured linewidth is that the spectral resolu- 
tion of our experiment was determined by the cross- 
ing angle between the pump beam and the probe 
beam. This minor drawback of our results seems to 
be acceptable, since we have been using a simple, 
low-cost experimental setup with an indium vapor 
cell instead of an indium atomic beam. 20 Figure 14 
shows a photograph of the indium cell that we have 
been using for our experiments, indicating the strong 
fluorescence stimulated by the laser. The method 
employed in this study is the classical saturated ab- 
sorption experiment applied, e.g., for rubidium or 
cesium. 29 " 32 Research in our facilities is in progress 
with an improved experimental setup utilizing a bal- 
anced receiver and a modified cell to achieve a better 
resolution of the Lamb dips. 

5. Conclusions 

The performance characteristics of an AR-coated 
GaN-based laser during operation in our Littrow ex- 
ternal cavity lasers were investigated. The total 
tuning range was —4 nm for each diode with optical 
output power of up to 30 mW. The obtained line- 
width was 0.8 MHz with a mode-hop-free tuning of 
more than 50 GHz. The indium absorption spec- 
trum near 410 nm with Lamb dips in the Doppler- 
broadened absorption features was detected by us of 
a standard saturated absorption setup. The line- 
width and tuning behavior observed was in good 
agreement with results obtained previously for visi- 
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Fig. 14. Photograph of our indium cell indicating the fluorescence. 



ble and near-infrared external cavity diode lasers. 
Although the actual width of the Lamb dips could not 
be satisfactorily resolved with the experimental 
setup we used, the appropriateness of the laser sys- 
tem for spectroscopic studies was emphasized. 
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